Bubbly flows appear in many different industrial fields and the measurement of bubble sizes is crucial for understanding phase interactions. The ultrasound pulse echo can be used for a non-intrusive measurement of the bubble surface position in one dimension even when there is no optical access to the bubble. A simultaneous measurement from two opposing directions gives the bubble size but has been performed only on single bubbles. This work applies the tracking technique, which allows a simultaneous measurement of multiple bubbles. The performance of the bubble size measurement was tested experimentally by comparing ultrasonic results with the sizes measured by a high-speed camera and also with metal cylinders. Possible sources of measurement uncertainty were analysed and discussed. The tested range of bubble sizes was up to 10 mm and the void fraction was lower than 1.25%.
suitable for velocity field measurement but does not detect the bubble size. The pulse echo technique measures the axial (along an ultrasonic beam) distance between the ultrasonic transducer (TDX) and a reflecting object. The radius of a single vapour bubble growing rapidly on a heated surface was measured by the pulse echo in [12] . It is adequate to measure only from one direction in cases with known position of the opposing bubble surface (e.g. plug bubbles in the horizontal pipe flow [13] [14] ). Otherwise, measurements from two directions are necessary to get the bubble size [15] . Double array TDX measurement of bubble sizes at different vertical positions was proposed in [16] and realised in [17] . However, the pulse echo technique was limited to single bubbles in [12] [13] [14] [15] [16] [17] . In the previous work [18] , the authors have shown that by adding a tracking technique the ultrasonic pulse echo can be applied to measure the interface positions of multiple bubbles simultaneously. This paper aims to experimentally validate the performance of the ultrasonic pulse echo with tracking technique for the simultaneous measurement of multiple bubble sizes. The bubble size is represented by the horizontal length of the bubble, which was compared with the same parameter measured by a HSC. The paper shortly introduces the technique used in [18] with a single TDX and describes in detail how are data from two different TDXs combined to obtain bubble diameters. The experimental procedure is explained in detail including the video processing technique applied for analysing the HSC videos and the procedure used to compare HSC results with the pulse echo results.
Principle of the Measurement Technique
The technique applied the ultrasonic pulse echo with tracking technique [18] to measure the distance between a TDX and a bubble. The distances measured in each pulse repetition were tracked to form bubble surface trajectories. By combining the measurement from two opposing directions, two trajectories corresponding to opposing sides of the bubble were obtained. The length of the bubble along the axial direction of TDXs was calculated using the distance between 
where x 1 and x 2 are the instantaneous TDX-bubble distances measured by TDX1
and TDX2 respectively ( Figure 1 ). This section shortly introduces the pulse echo with tracking technique which detects bubble surface trajectories. Then, a calibration is explained. Finally, a technique combining trajectories from two TDXs to get bubble lengths is introduced. Figure 2 shows the flowchart of the whole technique.
Pulse Echo with Tracking Technique
The technique was fully described in [18] and is shortly introduced here. A TDX emitted ultrasonic pulses of N periods of basic frequency f 0 in repetitions. The TDX detected waveforms with echo signals from bubbles and the waveform of each pulse was analysed to detect the transit time (delay) of bubble echoes in real time. The transit time T depends on the distance between the TDX and the bubble x and the speed of sound c as
and was estimated using a cross-correlation of the waveform with a reference signal (a measured reflection of the pulse from a free surface). This way, one bubble echo point was detected in the waveform of each pulse repetition for every bubble present at the sound field during that pulse's emission. The detected bubble echo points represent positions of the bubble surface and were connected to trajectories using a tracking scheme described in detail in [18] .
As a result, the technique provides a number of trajectories
taining several points (t, x, M) where t stands for the measurement time (number of pulse in the sequence of pulses), and x with M are the position and echo signal strength respectively.
Calibration
The relationship from Equation (2) is not exact because it does not include the time T 0 when the sound wave travels through the TDX itself (e.g. the matching layer of the TDX). This results in a small error, which can usually be overlooked in ultrasonic applications. Because a high accuracy is necessary in this case, a calibration was conducted by measuring reflection from a steel prism placed in a known distance x c from the TDX surface. The measured echo delay T c allows calculating the time T 0 as
The value of T 0 was subtracted from the transit time of each point. The speed of sound c was obtained from [19] using the measured temperature of the water.
Combining Trajectories from Opposing Transducers
The calculation of bubble length required that trajectories from opposing TDXs corresponding to the same bubble are paired together. The pairing used a distance function ( ) 1 2 , i j D   , which was low when there was a high probability that trajectories belong to the same bubble. In each step of the pairing algorithm, the trajectory pair i-j with the minimum distance function was paired and then both paired trajectories were removed from the list of considered trajectories.
The distance function was calculated as follows. First, positions measured by the TDX1 (distance from TDX1) were transformed to the distance from the TDX2 as 
using an assumed bubble length a, a scaling factor w and comparing the beginning, the end and the mean of each trajectory. The notation 
were deleted. Finally, positions were interpolated on the common time interval to get new evenly sampled trajectories x' with u points. The average horizontal bubble length d was calculated as the difference of average positions from both interpolated trajectories:
The pairs with d over 25 mm were considered errors and were deleted as well.
Experimental Validation of the Technique
The technique was validated using an experimental apparatus from Figure As a result, the bubble volume was controlled using the water flow rate. A pulse generator/receiver JPR-10C-8CH3R (Japan Probe) with parameters set as in Table 1 generated pulses at a pulse repetition frequency f PRF = 1 kHz and with the second signal delayed to avoid interference of the ultrasonic pulses.
Sound waves were generated and recorded by TDX1 (Imasonic 2M10) and TDX2 (Japan Probe B2Z10I). Waveforms filtered and amplified using a 200 kHz high-pass filter and 12 dB gain were digitised at the sampling speed of 200 MS/s by the APX-5040 (Aval Data) AD converter, which was deployed in a PC with
Intel Core i5-4690 processor. The pulse echo signal was processed online in this PC, the tracking and pairing of trajectories were conducted later.
Reference Measurement by a High-Speed Camera
Two Bubbles cast shadows, which were clearly visible on the white background of the recorded videos. A grey-scale threshold was applied to obtain binary images from video frames in Matlab. Binary images (1 for bubble, 0 for no bubble) were filtered via morphological closing and bubble perimeters were detected using the Moore neighbour tracing algorithm with Jacob's stopping criteria [20] .
Overlapping bubbles were detected and separated using techniques from [8] . The curvature was calculated from a filtered perimeter slope and concavities were detected as local curvature minima using a threshold of −0.1 px −1 (−0.6 mm −1 ) or −0.3 px −1 for large bubbles to avoid detecting small concavities, which might appear even on a single bubble. The bubble perimeter was separated at concavities and separated segments were fitted with ellipses [21] and the segments with overlapping ellipses were reconnected [7] . Finally, lines were drawn between reconnected segments to enclose separated bubbles.
This can cause incorrect bubble shapes and volumes but improves the bubble length estimation as opposed to using the fitted ellipses such as in [8] .
Finally, bubbles were tracked using a PTV algorithm [22] 
Method for Comparing the Measurement Results
The HSC data for bubbles which did not pass the ultrasound field were deleted and the rest of the HSC data (pairs of trajectories from HSC1 and HSC2) were paired with the ultrasound data (pairs of trajectories from TDX1 and TDX2).
The average horizontal bubble length measured by ultrasound was then compared with the same measured by the HSC1. The comparison was made for each bubble.
The decision of whether a bubble passes the ultrasound field or not was based on the prediction of its position perpendicular to the ultrasound beam ( Figure   5 ). For each point of HSC1 trajectory, the position y was estimated using ( 
using the first and last horizontal and vertical coordinates of the HSC2 trajectory.
The ultrasound beam boundary was evaluated numerically as in [18] (the shape roughly resembled a 10 mm wide cylinder) and the HSC1 trajectory points for which the complete interval (y min , y max ) or the vertical position z 1 were outside of this boundary were deleted. On average, 5% of HSC trajectories were deleted and trajectories were shortened to include only the part inside the ultrasonic beam.
A. Povolny et al. Figure 5 . An illustration of the decision whether a bubble passes the ultrasound (US) field. The figure is a superposition of 12 frames from HSC2 with a time step of 5.7 ms between them. The background is white, the TDX holder is black and bubbles are dark grey. Stationary noise (small dark circles) was emphasized by the superposition and was less obvious on individual images.
The pairing of HSC data with ultrasound data resembled the one in Section 2.3 with the distance function ( ) 
The Performance Evaluation
The results of the experimental validation are presented together with the uncertainty analysis, which shows two types of error: common errors affecting all bubbles and uncommon errors which affect only some bubbles. An additional experiment using metal cylinders of known diameters was conducted and the measurement results were analysed to validate uncertainties for common errors.
Then, uncommon errors were discussed including their dependency on the measurement conditions.
Comparison of Measured Bubble Lengths
The measurement was conducted for 6 measurement cases with different air and Figure 6 and a HSC1
image from the same time is shown in Figure 7 . The data show that while one trajectory of TDX2 is shortened due to the corresponding bubble entering the shadow of another bubble, the presence of the bubble was still successfully detected, and its length was measured. The bubble length comparison for all detected bubbles is shown in Figure 8 . The maximum number of bubbles detected simultaneously by the pulse echo was 6. 
Uncertainty Analysis
Various sources of error are listed in Table 3 Figure 9 . Autocorrelation function of the reference signal. Figure 9 illustrates another error of the transit time T measurement as well. In a noisy signal, a secondary peak at 1/f 0 or a tertiary peak at 2/f 0 can be mistaken for the main peak. This issue was the main topic of [23] . In this work, this error was treated by a mode filter described in [18] . However, the mode filter fails for too noisy signals and errors of 0.36 mm or its multiples appear. A strong noise can occur due to an interference with multiple reflections of the pulse previously emitted by the opposing TDX or due to a shadow cast by another bubble. Finally, an incorrect pairing of trajectories can cause severe over prediction of the bubble length similar to the overlapping error of HSC video processing. Unlike previously discussed errors, these uncommon errors appeared only in few bubbles and most bubbles were not affected by these errors.
Common Errors
The errors which affect all detected bubbles add up to the total measurement uncertainty of 0.31 mm. This estimation was validated by measuring the diameter of several metal cylinders, which were manually held at the centre of the measurement volume. The diameters were measured by callipers (accuracy of ±0.05 mm) as well and Table 4 compares the results. Differences were smaller than 0.1 mm, which agrees with 0.1 mm reported previously in [17] for falling metal balls and a similar technique. The bubble length results were analysed as well. Considering the HSC1 resolution of 0.17 mm/px, the expected measurement uncertainty of bubble length differences is 0.35 mm. The uncertainty of 0.33 mm corresponding to the 68% percentile is smaller and thus it can be concluded that the pulse echo measurement technique was successfully validated by the HSC measurement.
Uncommon Errors
Uncommon errors affect only some bubbles but are larger than common errors. Because the uncommon errors are at least 0.36 mm (Section 4.2), they can be distinguished from smaller common errors. Assuming only common errors, the percentage of bubbles with difference larger than 2 × 0.33 mm should be 5%, but the measured value was 15%. This indicates that 10% of all detected bubble lengths were affected by large uncommon errors. Journal of Flow Control, Measurement & Visualization Because uncommon errors are often the consequence of measuring multiple bubbles simultaneously, the effect of void fraction on these errors was analysed ( Figure 10 ). The average difference between pulse echo and HSC measured lengths was smaller than 0.2 mm for each measurement case, which can be explained by common systematic errors (Table 3 ). The uncertainties corresponding to the 68% and 95% percentile grow with the void fraction and the growth is more obvious for the 95% data. This is explained by the ratio of large uncommon errors (calculated the same way as above), which was higher for higher void fractions. While measuring only single bubbles (such as in [12] [13] [14] [15] [16] [17] ) or single metal cylinders (Section 4.3), it is easier to avoid interference and reduce the noisiness of the signal, and thus to avoid the uncommon errors. With increasing the void fraction, problems with interference, shadowing etc. will lead to increasing rate of uncommon error occurrence in the measurement.
Finally, an over prediction of few small bubble lengths by the pulse echo ( Figure 8 ) is discussed. For each case, the average difference was subtracted from all the differences to get rid of common systematic errors and the standard deviation σ was calculated for each measurement case. 16% of all data should be larger than σ but the ratio increases for bubbles smaller than 3 mm (Figure 11 ). This shows a systematic error which affects 6.5% of bubbles in the measurement case with the smallest bubbles and fewer for larger bubbles. This error was caused by an incorrect pairing of trajectories discussed in Section 2.3 or by lower signal to noise ratio due to smaller amplitude of reflection from small bubbles [18] . 
Conclusions
The which represents bubbles more adequately, can be estimated by assuming an oblate shape of bubbles and using a correlation for the aspect ratio (e.g. from [24] ).
However, such correlations have a high uncertainty. In addition, the procedure requires an assumption that the horizontal bubble length is the major axis of the bubble, which can be inaccurate in case of strong wobbling. All these issues obviously become less relevant in case of more spherical bubbles, such as for smaller bubbles (lower Eotvos number) or gas-liquid combination with a higher Morton number. In these cases, the one-dimensional bubble length represents bubbles adequately.
The greatest advantages of this technique are the ability to conduct a non-intrusive measurement of bubble sizes even in opaque environments, and the ability to immerse the sensors and thus measure bubbly flows in large geometries (not only in narrow channels) and the relatively low cost. These advantages make the ultrasonic pulse echo with tracking technique an attractive option for measuring bubble sizes in a two-phase flow.
